Ruddlesden-Popper perovskites are highly attractive for light-emitting and photonic applications. In these exceptionally deformable frameworks, structural properties strongly impact on the energetic landscape of the material; thus, it is crucial to establish a correlation between the structure and optoelectronic characteristics. Here, we study the structural transformations induced by phase transitions in the butylammoniumbased series (BA) 2 (MA) n−1 [Pb n I 3n+1 ] (n = 1 and n = 2). We show how thermally driven lattice contraction and changes in crystal packing affect their characteristic absorption and photoluminescence. These findings provide new insights for functional perovskites' rational design, highlighting the possibility to tune the structural properties through external stimuli to control their functionalities on-demand. © 2018 Author(s After revolutionizing the field of solution processed photovoltaics, 1 metal halide perovskites are now flourishing for applications in light emitting and photonic devices such as light emitting diodes (LEDs), 2,3 light emitting field-effect transistors (LE-FETs), 4 and X-ray scintillators and photodetectors. [5] [6] [7] Recent advancements in lasing and perovskite nanostructuring are paving the way towards their application as metamaterials and nanophotonic sources. [8] [9] [10] The control and understanding of the relationship between the structure and optical properties are required to improve device performance and functionality, 11 and they might lead to the realization of perovskites with dynamically tunable optical response that could be used to achieve new functionalities on-demand. [12] [13] [14] [15] [16] The propensity of the lead halide framework to undergo deformations involving octahedral tilting, distortion, and cation displacement could be exploited to modulate the optoelectronic properties 17-23 upon controlled and reversible structural phase transitions. 24, 25 Perovskites of the Ruddlesden-Popper series with formula (RNH 3 ) 2 (A) n−1 [M n X 3n+1 ] (n ≥ 1) represent an ideal platform since their excitonic and electronic properties, defectivity, bandgap, emission energy, and bandwidth are highly dependent on their crystal structure. 18, 20, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] These are layered materials which combine a bulky aromatic or aliphatic cation (RNH 3 ), a small cation A (such as methylammonium or Cs + ), and a metal halide a
network of MX 6 octahedra, where M is the divalent metal and X is the halide (F − , Cl − , Br − , I − ). Single layered alkylammonium perovskites (C x H 2x+1 NH 3 ) 2 PbI 4 (x = 4-18) are known to undergo several first-order phase transitions at low temperature with excellent mechanical resilience. [37] [38] [39] [40] However, the impact of multi-layered architecture on the phase transition properties is not well understood, and a thorough correlation between the thermal-induced structural changes and the optical properties is still lacking. In this work, we investigate the BA 2 PbI 4 (n = 1) and BA 2 MAPb 2 I 7 (n = 2) perovskites, which are the first two compounds of the series (BA) 2 (MA) n−1 [Pb n I 3n+1 ] (where BA = butylammonium and MA = methylammonium), in a wide temperature range, i.e., from 300 K to 77 K, and characterize two new low temperature phases of the n = 2 compound. Using a combination of spectroscopic, structural, and computational analysis, we rationalize the structural changes that impact the optical properties and result in luminescence with a sharp thermal dependence. This shows that thermally activated interconversion of the crystal packing can be effectively exploited to design stimuli responsive luminescent perovskites.
BA 2 PbI 4 and BA 2 MAPb 2 I 7 were synthetized by mixing the perovskite precursors (PbI 2 , MAI, and butylamine) with the desired stoichiometric ratio in hot hydroiodic(HI) acid aqueous solution. Slow cooling yielded orange and ruby-red plates for BA 2 PbI 4 and BA 2 MAPb 2 I 7 , respectively, which were used for structural characterization. As previously reported by Billing and Lemmerer, 37 BA 2 PbI 4 adopts an orthorhombic structure (Pbca) at 293 K [α n1 , Fig. 1 41 (d) 225 K-β n2 phase, triclinic, P-1, and (e) 100 K-γ n2 phase, triclinic P-1. Oh1 (red) and Oh2 (blue) indicate the octahedra with different tilt and distortion, while BA1 (orange) and BA2 (light blue) indicate the butylammonium cations with different tilt with respect to the inorganic plane. APL Mater. Table S1 of the supplementary material). At 298 K, the n = 2 compound adopts an orthorhombic structure and space group Cc2m (α n2 ), in good agreement with previous studies. 41 Here, inorganic slabs are formed by two consecutive layers of PbI 6 octahedra sharing the corners in the equatorial position (ac plane) and one corner in the apical position (along the b-axis); these are alternately stacked with BA + bilayers. Different from the n = 1 compound, where all the PbI 6 octahedra are equivalent, the inorganic lattice of BA 2 MAPb 2 I 7 can be divided into two groups of PbI 6 units (Oh1 and Oh2), with Oh1 characterized by smaller octahedral distortion and tilt with respect to Oh2 (see Figs. 1 and 2). In α n2 , Oh1 and Oh2 segregate at the opposite sides within an inorganic slab creating a stack of layers with different structural properties along the b-axis [ Fig. 1(c) ]. Lowering the temperature, the crystal point-group symmetry lowers to the triclinic system (space group P-1) which characterizes both the β n2 and γ n2 phases at 225 K and 100 K, respectively [Figs. 1(d) and 1(e)]. In all the three phases, adjacent inorganic layers are staggered relative to each other. However, in the β n2 and γ n2 phases, the inorganic framework rearranges into a pattern where Oh1 and Oh2 alternate in the ab plane as well as along the c-axis [Figs. 1(d) and 1(e)]; while keeping different σ 2 oct values for Oh1 and Oh2, this configuration levels out their tilt parameters to a unique value (Fig. 2 ). These structural transformations account for the decrease in the Pb-(µ-I)-Pb average angle from 167.31 • to 162.57 • and accompany the increase in octahedral tilt (D tilt ) at low-temperature, largely driven by the increase in D out compared to the in-plane tilt (D in ) (see Fig. 2 ). We note that, while the α n2 → β n2 involves a significant D out increase from 14.8 • (15.7 • ) to 26.7 • , β n2 → γ n2 proceeds with a minimal increment from 26.7 • to 28.5 • . The changes in the Pb-I framework are templated by n-butylammonium, which mirrors the octahedral tilt in the corresponding structures ( Fig. 1 ). In particular, BA 2 MAPb 2 I 7 is characterized by two types of butylammonium cations (BA1 and BA2) having different tilt compared to the inorganic plane. We quantify the geometry of the cation by means of φ, defined as the angle between a plane through the lead atoms of the inorganic layer and a vector connecting the first and the last atom of each BA chain (e.g., N1 and C4). In both n = 1 and n = 2 compounds, φ increases at low temperature in close correlation with D out (Fig. 2) . See also Table S2 of the supplementary material for the summary of the thermal evolution of the structural parameters.
The thermal dependence of the perovskite structure was studied by wide-angle X-ray scattering (WAXS), which is akin to powder X-ray diffraction (PXRD), of the ground crystals. The WAXS of BA 2 to the change in point-group symmetry upon phase transition (Fig. S1 of the supplementary material) . The phase transition parameters determined from X-ray characterization are listed in Table I .
The temperature dependence of the lattice parameters was determined by Pawley fit of the powder diffraction patterns (Fig. 4 , and Figs. S2-S4 of the supplementary material). BA 2 PbI 4 undergoes a marked expansion of the c-axis of 1.3 Å at 270 K, accompanied by a smaller elongation of the a-axis (∆a = 0.4 Å) and shortening of the b-axis (∆b = 0.3 Å). Such widening of the interplanar distance along the c-axis is necessary to accommodate the marked decrease in D out and φ. In the case of BA 2 MAPb 2 I 7 , the γ n2 → β n2 at 195 K proceeds with a minimal change in the lattice parameters, confirming the small changes observed from SC-XRD. On the other hand, at 280 K, β n2 → α n2 from the triclinic to orthorhombic structure causes a massive elongation of the b-axis (∆b = 30 Å) and shortening of the c-axis (∆c = 11.2 Å). Overall, the phase transitions proceed with expansion of the unit cell at higher temperature, with a marked volume increase in β n1 → α n1 (∆V = 100 Å 3 ) and β n2 → α n2 (∆V = 1600 Å 3 ). Consistent with SC-XRD, we observed a minimal volume increase (∆V = 25 Å 3 ) for γ n2 → β n2 of BA 2 MAPb 2 I 7 . It is clear from the analysis that the degree of volume contraction dictates the stability and the extent of the perovskite tilt system.
The reversibility of the structural changes is evident from differential scanning calorimetry (DSC) where they appear as typical enantiotropic first-order solid-state phase transitions (Fig. 5) . In BA 2 PbI 4 , a large endothermic peak at 275 K for β n1 → α n1 and an exothermic peak at 254 K for α n1 → β n1 are observed, with the enthalpy of transition of 10.9 J/g and 8.7 J/g, respectively. The increase in perovskite dimensionality of BA 2 MAPb 2 I 7 lowers the enthalpy of transition to about 5 J/g and shifts the transition to higher temperatures, 284 K for β n2 → α n2 and 280 K for α n2 → β n2 . Due to the limited temperature range, it was not possible to probe the second transition γ n2 ↔ β n2 . Although the higher enthalpy shows that the phase transition is more energetically favorable in the n = 1 compound, the much larger thermal hysteresis indicates a higher kinetic energy barrier which slows down the structural rearrangement. 43 The changes induced by the phase transitions have important consequences on the optical properties of the materials, which were studied on perovskite thin films (Fig. S5 of the supplementary  material) . At 78 K, BA 2 PbI 4 shows an absorption continuum below 450 nm accompanied by a To investigate the structural effects on the optical response, we performed density functional theory (DFT) calculations. Starting from the experimental crystal structures, we optimized the lattices and atomic positions at the GGA/PBE level. The resulting crystal parameters, bandgaps, and band structures are given in Table S3, Table S4 , and containing 150-200 atoms. We find that the PBE functional without SOC can reproduce well the bandgaps of BA 2 PbI 4 and BA 2 MAPb 2 I 7 , while PBE with SOC retains the band curvatures and band degeneracies but only reduces the bandgaps (see Fig. S8 of the supplementary material) . The position of the valence band maximum (VBM) is determined by the overlap of Pb-6s and I-5p antibonding atomic orbitals; distortions of the Pb-I-Pb angle from the linear geometry result in poorer orbital overlap, shifting VBM to higher energy and leading to bandgap widening. 47, 48 The consequences of this are directly seen from the calculated bandgaps, which decrease from the low to high temperature phases (Fig. S8 of the supplementary material) . Similarly, the sudden increase in octahedral tilt (D out ) upon phase transition also causes the discontinuous redshift of the excitonic absorption; the calculated absorption spectra well reproduced the trend induced by this structural change, although we note that the calculated spectral shift is less marked than the one observed experimentally (Fig. 6) . In addition to this sharp transition, BA 2 PbI 4 also undergoes a continuous spectral red-shift with the increase in temperature (Fig. 6, and Figs. S6 and S7 of the supplementary material), which is contrary to the trend observed in MAPbI 3 , where the bandgap blue-shifts with the increase in temperature (Fig. S9 of the supplementary material) . 49 This behaviour of the 3D perovskite was previously attributed to the thermal expansion of the PbI 6 octahedra, which also leads to a reduced Pb-6s/I-5p orbital overlap. 50, 51 Although BA 2 PbI 4 also evolves towards a slight expansion of the lattice, the absence of the apical coordination of the lead halide octahedra gives them more rotational freedom with respect to the 3D perovskite framework. Therefore, in the 2D perovskite, the volume expansion of the unit cell proceeds with a reorganization of the tilt of the PbI 6 and BA units rather than involving a considerable octahedral expansion, leading to the progressive bandgap narrowing. In comparison with our previous studies on (PEA) 2 PbI 4 (PEA = phenethylammonium), 46 we note that this is not a general trend of 2D perovskites but is rather related to the characteristic thermal evolution of the crystal structure induced by the specific templating cation. On the other hand, the increase of dimensionality in BA 2 MAPb 2 I 7 leads to an intermediate case where, within the temperature stability range of each phase, the shift of the excitonic peak with temperature is negligible. This correlates well with the structural analysis, showing that the unit cell parameters remain nearly constant within the stability range of each phase, which indicates a more difficult structural reorganization in the multidimensional structure due to increased steric constraints.
Photoluminescence (PL) properties are also very sensitive to structural conformations. Polycrystalline films of BA 2 PbI 4 showed phase coexistence up to 293 K, during which the PL band at 493 nm ( β n1 ) gradually converts to the one at 517 nm characteristic of α n1 [ Fig. 7(a) ], indicating that different crystalline domains undergo the phase transition at slightly different rates. The excitonic emission of β n1 develops into a highly structured spectral line shape (Fig. S10 of the supplementary material); we have previously suggested that the exciton fine structure may be a consequence of polaronic APL Mater. effects, arising from the highly polar nature of the lead halide framework, where excitons with distinct lattice-coupling co-exist. [44] [45] [46] In addition, a broadband emission peaked at 600 nm becomes relevant below 160 K (Fig. S10 of the supplementary material) . We note that even though the change in D out has a dramatic effect on the energy of the excitonic emission, it does not directly affect the onset of such broad luminescence. The activation energy of 35.8 meV (see Fig. S11 of the supplementary material) points towards the formation of sub-bandgap trap states which might relate to exciton self-trapping and the formation of iodide-based defects. [52] [53] [54] On the other hand, the luminescence spectrum of the multidimensional film is characterized by two partially overlapping peaks centered at 572 nm and 604 nm, which become evident at low temperature [Figs. 7(c) and 7(d)]. These bands belong to the excitonic emission of BA 2 MAPb 2 I 7 and BA 2 MA 2 Pb 3 I 10 and indicate the formation of heterogeneous phases with inclusions of the n = 3 compound of the series (BA) 2 (MA) n−1 [Pb n I 3n+1 ] (also confirmed from the XRD analysis, Fig. S5 of the supplementary material) . 55 Principal component fitting allows us to study the temperature dependence of the n = 2 phase: while γ n2 ↔ β n2 only caused minimal PL changes preventing the clear identification of the transition, β n2 → α n2 causes the narrowing of the PL emission (1-2 nm) and its redshift of 2.4 nm (Fig. S7 of the supplementary material) . These observations further demonstrate how thermal interconversion of the crystal structure can be exploited to finely shape the energetic landscape of the material.
In conclusion, we thoroughly characterized the thermal dependence of the structural properties of the first two compounds of the Ruddlesden-Popper series (BA) 2 (MA) n−1 [Pb n I 3n+1 ] and solved the crystal structure of the β n2 and γ n2 triclinic phases of BA 2 MAPb 2 I 7 . Regardless of the dimensionality, the perovskites showed volume expansion at higher temperature, which drives the decrease in out-ofplane tilt (D out ) of the PbI 6 octahedra. We identify D out as the main parameter affecting the excitonic absorption and luminescence energy, and we directly show the importance to achieve control over the octahedral tilt to fine tune the optoelectronic properties. We note that the tendency of the β → α transition to occur close to room temperature in alkylammonium perovskites enables the control of structural and optical properties by small changes in the temperature. This approach might therefore be exploited for the realization of all-optical switching photonic devices, 15 or to design more efficient heterogeneous systems for light emitting applications. 9, 56, 57 See supplementary material for the description of experimental methods, Figs. S1-S11, and crystallographic information files. BA n-butylammonium MA Methylammonium SC-XRD Single crystal X-ray diffraction P-XRD Powder X-ray diffraction WAXS Wide-angle X-ray scattering DSC Differential scanning calorimetry
